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es.2012.0Abstract Microstructural consideration is implemented in the calculation using commercial ﬁnite
element analysis to study the effect of thermal treatment for engineering applications. As a typical
example, decarburization problem has been studied in the paper. The modeling analysis is then to
be compared with the experimental results. The simulation of phases such as single c-Fe, mixture of
c-Fe and a-Fe, and the mixture of a-Fe and Fe3C is performed by altering the heat treatment tem-
perature. The simulated models have good agreement with the experimental results. The decarbu-
rization rate is the lowest at the temperature range between the two phases of c-Fe and a-Fe coexist.
ª 2012 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
The growing competition in manufacturing industries has
made the thermal processing particularly become very impor-
tant, since the properties and characteristics of the product
are largely determined in this stage. The dependence of prop-
erties to the ﬁnal product must be clearly understood, so that
any analysis or experimentation can be used to design pro-
cesses to achieve optimum quality at desired production rates
(Chaengkham and Srichandr, 2011; Karbasian and Tekkaya,
2010). Engineers often have difﬁculties to analyze materials
that involve more than one phase. Typically, this leads to
homogenizing the materials that are microscopically far from
being homogeneous. As a result, quantitative analysis is done7 279048; fax: +60 755 66159.
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phase difference into a model is outlined. Microstructural con-
sideration is implemented in the calculation in a simple manner
using commercial ﬁnite element analysis. The results are then
compared with the experimental data. This technique is very
useful for almost any type of materials that require quantita-
tive analysis involving microstructure consisting of more than
one phase.
As an example, typical decarburization process has been
chosen in this study. The decarburization effect is deﬁned as
the loss of carbon atoms from the surface of ferrous materials,
and produced a carbon concentration gradient across short
distance below the surface. It is either as the result from preex-
isting condition in the material itself after being heat treated or
the carbon is induced during heat treatment, which the atmo-
sphere condition allows the depletion of carbon from the sur-
face (Zhang et al., 2009; Prawoto et al., 2004).
1.1. Physical metallurgy of decarburization
Three types of decarburization mechanism are reported for dif-
ferent temperature ranges in the iron–carbon equilibrium dia-ier B.V. All rights reserved.
Figure 1 Iron–carbon equilibrium diagram for decarburization
under different furnace atmospheres.
142 Y. Prawoto et al.gram (Fig. 1) (Prawoto et al., 2004; Geoffery, 1999): above
AC3, between AC1 and AC3, and slightly below AC1, referring
to carbon–iron phase diagram. Above the upper critical tem-
perature AC3, the steel is in c-Fe phase and if the furnace
atmosphere is decarburizing, the steel may undergo decarburi-
zation process. The carbon tends to leave the surface to restore
the equilibrium with the surrounding furnace atmosphere. A
negative carbon gradient is produced with the carbon feeding
down the gradient across the depth of the surface of the steel
where the carbon content of the surface is determined by the
carbon potential of the furnace atmosphere. The decarburizing
reaction is different for temperatures between the upper critical
temperature, AC3, and the lower critical temperature, AC1.
For steel with high carbon content at A, the amount of carbon
will drop rapidly to B when the furnace atmosphere is decarbu-
rizing in nature. For further lowering the carbon content will
form equilibrium state at C, from carbon content at B. Finally,
any further lowering of the average surface carbon content
must be resulting from the development of single a-Fe phase
with maximum carbon content C. The formation of a-Fe layer
will reduce the rate of decarburizing. The a-Fe can only have a
shallow carbon gradient, and then the rate of ﬂow of carbonFigure 2 Effect of carbon potential at the surface to the decarburized
than B. (b) Decarburizing atmosphere with carbon potential equals tothrough the layer is reduced. As the thickness of a-Fe in-
creases, it will cause further reduction in the rate of decarburiz-
ing due to the decrease in the effectiveness of the driving force
for the movement of the carbon atoms across the layer. In a
controlled furnace atmosphere, for instance with a carbon po-
tential D which lies between A and B, a gradient is produced
between A and D, and as time increases the gradient is slowly
reduced until eventually no gradient across the surface. With
the carbon content D it will not produce an a-Fe layer as
the carbon content of the surface equilibrium with the furnace
atmosphere, see Fig. 2 (Geoffery, 1999).
In this research, three different temperatures were chosen,
900, 800, and 700 C, which are, respectively, to represent
above AC3, between AC1 and AC3, and slightly below AC1.
The chosen object was a hypoeutectoid steel due to its wide
use in industries, from manufacturing to architecture
(Ochshorn, 2004).
2. Computational approach
Computational analysis was done using Abaqus to simulate
mass diffusions leading to the decarburizing effect. Three dif-
ferent ranges were chosen: above the AC3, where there is only
single phase of c-Fe, between AC1 and AC3, where the mixture
phases of c-Fe and a-Fe coexist, and slightly below AC1, where
the phases are pro-eutectoid a-Fe and pearlite (mixture of a-Fe
and Fe3C). To accommodate the different phases present,
sub-modeling technique was used. The sub-modeling technique
allows the users to use the result of the global model as a
boundary condition rather than giving the applied condition
on each phase (Prawoto, 2011). The global model basically
assumes that the material is homogeneous; to take into
account the phase difference among the phases, local model
is created. This technique allows the users neither to embed
microstructure inside the model without the need to program
in the form of multi-scale, which is cumbersome nor to model
the whole structure with microstructure, which is practically
almost impossible.
2.1. Global modeling
The global model is used to simulate the decarburization effect
of steel to show the carbon concentration gradient from the
surface to the bulk by mass diffusion of carbon. The globalsurface. (a) Decarburizing atmosphere with carbon potential less
D.
Table 4 Chemical composition result from GDS.
Table 1 Tabulation of diffusion data (Callister, 2007).
Diﬀusing species Host metal D0 (m
2/s) Activation Energy Qd Calculated values
kJ/mol eV/atom T (C) D (m2/s)
Fe a-Fe 2.8 · 104 251 2.60 500 3.0 · 1021
(BCC) 900 1.8 · 1015
Fe c-Fe 5.0 · 105 284 2.94 900 3.0 · 1021
(BCC) 1100 1.8 · 1015
C a-Fe 6.2 · 107 80 0.83 500 2.4 · 1012
900 1.7 · 1010
C c-Fe 2.3 · 105 148 1.53 900 5.9 · 1012
1100 5.3 · 1011
Table 2 Diffusivity used in global modeling.
Temperature (C) Diﬀusivity (m2/s) Divided by 60 Factor Diﬀusivity (m2/s)
900 5.900 · 1012 9.833 · 1014 1.0 9.833 · 1014
800 1.423 · 1012 2.372 · 1014 3.0 7.116 · 1014
700 1.130 · 1012 1.883 · 1014 4.5 8.474 · 1014
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for the three different local models, to which the microstruc-
tural differences are incorporated.
At temperature above upper critical temperature, the
microstructure is in complete single phase of c-Fe, the calcu-
lated diffusivity according to Eq. (1) is 5.9 · 1012 m2/s (Call-
ister, 2007):
Cx  C0
CS  C0 ¼ 1 erf
x
2
ﬃﬃﬃﬃﬃ
Dt
p
 
ð1Þ
where Cx is the concentration of the diffusing atoms at depth x
from the surface of the solid; C0 is the initial concentration of
the diffusing atoms in the solid; Cs is the concentration of the
diffusing atoms at the surface of the solid; x is the distance for
the surface of the solid; D is the diffusion coefﬁcient atoms in
the solid; t is the time and erf(z) is the Gaussian error
function.
Between upper and lower critical temperatures, the micro-
structure consists of two phases, pro-eutectoid a-Fe and c-Fe.
The fraction of each phase depends on the holding temperature
calculated by a vertical line at that particular carbon content.
The diffusivity calculated is 1.423 · 1012 m2/s for the
percentage of pro-eutectoid a-Fe and c-Fe with 11.9% and
88.1%, respectively.
At temperatures below the lower critical temperature, AC1,
the microstructure consists of pro-eutectoid a-Fe and pearlite.Table 3 Heat transfer to mass transfer analogy for w= C/
Csat is used as ﬁeld variable.
Properties Heat conduction Moisture diﬀusion
Field variable Temperature, T w= C/Csat
Density q 1
Conductivity k D
Speciﬁc heat c 1Pearlite is the microstructure formed below eutectoid temper-
ature from the remaining c-Fe during slow cooling process
into lamellar layer. The lamellar layer consists of alternate
layer of Fe3C and a-Fe. The fraction of pro-eutectoid a-Fe
and pearlite normally can be computed using lever rule. In this
study, the chosen steel is Fe–0.265%C, which consists of
67.35% of pro-eutectoid a-Fe and 32.65% of pearlite. How-
ever, most of the carbon content is within the Fe3C inside
the lamellar layer. Again, the lever rule is applied to compute
the fraction of a-Fe and Fe3C. The percentage of Fe3C is
3.61% and a-Fe is 96.39%. The compositions of lamellar layer
consist of 3.61% of Fe3C and 29.04% of a-Fe. The diffusivity
of carbon within Fe3C therefore, becomes 2.85 · 1019 m2/s.
However, the decarburization process below lower critical
temperature involves dissolution of Fe3C and diffusion of car-
bon to the adjacent a-Fe. The dissolution of carbide greatly de-
pends on the volume fraction of Fe3C to a-Fe. The diffusivity of
a-Fe being applied for this condition was 3.126 · 1011 m2/s,
but the diffusion involves only a-Fe around Fe3C. Therefore,
the diffusivity of Fe3C yields a value of 1.13 · 1012 m2/s. The
summary of diffusivity calculations is displayed in Table 1 withElement Percentage
Fe Balance
C 0.265
Mn 0.498
P 0.0142
S 0.0262
Si 0.122
Cu2 0.315
Ni2 0.125
Cr2 0.172
V 0.00267
Mo 0.0356
Figure 3 Result of the global model with heating temperature of 700 C.
Figure 4 Summary of the global model analysis results.
144 Y. Prawoto et al.a factor introduced to adjust diffusivity due to the phase
differences.
2.1.1. Diffusivity of carbon
It is typical that the theoretical diffusivity needs some adjust-
ment to be used in computation (Gegner, 2004) the theoretical
value is about 60 times greater. Thus, the values of diffusivity
adopted for computation are all divided by 60, for normalizing
purpose. The factor included to simulate the decarburization
process can be described in various directions. For tempera-
ture above AC3, the microstructure is in single phase of
c-Fe, the carbon diffuses only to the outer atmosphere. At
temperature between AC1 and AC3, the microstructure con-
sists of c-Fe and a-Fe, then the carbon can diffuse to both out-
er atmosphere and the adjacent a-Fe, thus in three directions
with a factor of 3. While for temperature below A1, the diffu-
sion of carbon involves dissolution of Fe3C to the adjacent a-
Fe and it greatly depends on the volume fraction of a-Fe. The
surface of Fe3C is surrounded by the a-Fe. Therefore, carbon
atoms can diffuse to the a-Fe in all directions from Fe3C withabout 4–6 directions if it is treated as a rectangular bar by a
factor of 4.5.
Figure 5 Representative results showing the carbon distribution for samples held at 700 C for 2 h of local model.
Example of sample with 
almost no decarburization.
(less than 50μ) 
Taken from the group of 
700oC, 2 hrs  
(the sample was quenched for 
evaluation purpose) 
Example of sample with 
some decarburization. 
(approximately 130μ) 
Taken from the group of 
800oC, 12 hrs  
Example of sample with 
some decarburization. 
(more than 200μ) 
Taken from the group of 
800oC, 12 hrs  
200 μ
200 μ
200 μ
Figure 6 Representative of metallurgical evaluation of decarbu-
rized layers (actual measurement used microhardness).
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Temperature difference is the driving force for heat transfer,
which is similar to the concentration difference as the driving
force for mass diffusion. The heat transfer model is used to
simulate the decarburization, which involves mass diffusion
of carbon. The parameter used in the diffusion model is similar
by analogy to the heat transfer, with the temperature as the
normalized concentration and conductivity as the diffusivity.
The solubility and density are taken into consideration when
deriving the diffusivity. Tables 2 and 3 shows the constants
used in the analysis.
The equation used is the following:
@Q
@t
¼ kAdT
dx
ð2Þ
The transient heat transfer analysis can effectively be used for
transient moisture mass diffusion model as the transient tem-
perature analysis. This analogy is demonstrated by many
researchers with the commercially available ﬁnite element soft-
ware (Xie and Fan, 2009).Figure 7a Depth of decarburization layer for sample groups
with holding temperature at 700 C.
Figure 7b Depth of decarburization layer for sample groups
with holding temperature at 800 C.
Base line
α
β
α :Depth of  
      Decarb.
β :Variation  
      (error bar)
Figure 8 One of the sources of the variations expressed in error
bars.
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The sub-modeling is used to simulate the local region near the
surface area with signiﬁcant decarburization effect. The sub-
modeling includes the different phases at the particular holding
temperature together with the diffusivity and the solubility for
different phases in the microstructure. The microstructure was
meshed using Object Oriented Finite (OOF), an open source
developed by MIT in collaboration with NIST. For the mass
diffusion simulation model the elements were transferred into
Abaqus. The detailed discussion about this digitizing and
meshing from microstructure is available elsewhere (Prawoto,
2011; Gegner, 2004).
There are two different microstructural models used in the
sub-modeling. The ﬁrst model is to simulate the holding tem-
perature at 800 C, where both c-Fe and pro-eutectoid a-Fe
are present. The second model is to simulate the holding tem-
perature at 700 C, where the microstructure consists of both
a-Fe and pearlite.
3. Experimental approach
The experiment in this study was set up to be identical with
that of the simulation. It also aimed to collect relevant data
needed for analysis. Table 4 shows the chemical composition
of the samples used in this study. Two steps of milling wereFigure 7c Depth of decarburization layer for sample groups
with holding temperature at 900 C.performed. The ﬁrst was approximately 1 mm in depth. To en-
sure that all the specimens had the same initial condition, they
were annealed together in the same furnace. After normalizing
process, the steel bar was milled again to remove the decarbu-
rized layer and cut into 15 cylindrical shapes with 23 mm diam-
eter and 30 mm height. This second milling process will remove
approximately 500 lm depth of the outer layer. Subsequently,
the samples were then heated in electric furnace with three dif-
ferent holding temperatures for various holding times. The
holding temperatures were set above the upper critical temper-
ature, at 900, 800, and 700 C, for 2, 6, 12, 24 and 48 h. After
each interval, one specimen was taken out from the furnace
(see Table 4).
The samples were then mounted and metallographically
evaluated. To measure the decarburization layers, microhard-
ness with the loading of 5 g was used. The microstructure ob-
tained from various decarburization holding temperatures and
soaking durations was analyzed.
4. Results and discussion
The analysis of results is represented in Fig. 3. For all the three
groups of samples with different holding temperatures, 700,
800, and 900 C, similar results were obtained. Summarized re-
sults in Fig. 4 indicate the severity of the decarburization
ranked descendingly at 900, 700, and 800 C. The results of
the global models are then used as boundary conditions for lo-
cal models. Fig. 5 shows the representative calculated local re-
sult. The different phases show different carbon depletion
rates. This explains that carbon is easily depleted and from
the experiment it never shows uniform decarburization layer
produced. Fig. 6 shows the representative of the experimental
results, while graphs in Figs. 7a, b, and c show the overall re-
sults. Due to uncertainty of both the analysis and computa-
tional results, the graph is presented with error bars.
It is worth noting here that the error bars in the graphs Fig. 7
have more scientiﬁc meaning than error due to the
measurement. The source of the variation here indeed was due
to the microstructure difference and not due to experimental
errors. The variations in the phases were found to inﬂuence
the ﬁnalmicrostructural analysis. Therefore, Fig. 7c has the least
variation, because aboveAC3 line, therewas only single phase of
c-Fe. In contrast, Figs. 7a and b havemore variation, because in
these ranges of temperature, they have multiphase with varia-
tion of diffusion coefﬁcient and directional factor. By incorpo-
rating microstructural details in the computational evaluation,
more realistic results can be produced; an example is variation
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Fig. 7c. One of the variation sources is shown in Fig. 8.5. Conclusions
Microstructural consideration was implemented in the calcula-
tion using commercial ﬁnite element analysis. The technique of
local model being embedded to the global model is useful for
almost any conditions that require quantitative analysis
involving microstructure consisting of more than one phase.
Typical decarburization problem used in a simulation is vary-
ing as the changes in heat treatment temperature such that the
phases are: single c-Fe, mixture of c-Fe and a-Fe, and the mix-
ture of a-Fe and Fe3C. At the temperature range between the
two phases of c-Fe and a-Fe coexist, the decarburization rate
is the lowest. This is as the consequence of the diffusivity, con-
ﬁguration of each constituent, and temperature. The simulated
models have good agreement with the experimental results.
The variation in measurement of the decarburization is also
inﬂuenced by the state of the microstructure where the sample
was held during heating.References
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